Introduction
The size-dependent optical properties of semiconducting metal chalcogenide nanoparticles have made them highly attractive for many technological applications. ZnS materials doped with various metal ions have been used as phosphors for electronic displays.
1 Nanostructured doped ZnS materials have attracted considerable attention because of their superior luminescent characteristics, compared to those of their bulk counterparts. [2] [3] [4] [5] These unique properties have led to many applications, such as optical coatings, solid-state solar cell windows, electro-optic modulators, photoconductors, field-effect transistors, sensors and transductors, as well as light-emitting applications. 6 As efficient phosphors, ZnS particles have been widely implicated in flat-panel displays, 7 thin-film electroluminescent devices and infrared windows. 8 Nanosized ZnS and manganese-doped ZnS have been prepared by precipitation methods, 9 in structured media such as polymers and gel films, 10 and by using single-molecule precursors.
11
Over the past few years, attention has focused on the research field of one-dimensional nanostructured materials, such as nanowires or nanorods, because of their fundamental importance and the wide range of their potential applications in nanodevices. 12 In order to obtain nanowires or nanorods of the desired materials, many methods have been used for the preparation of one-dimensional nanostructured materials, such as laser ablation, 13 template synthesis, [14] [15] [16] solution-based routes [17] [18] [19] and other methods. [20] [21] [22] [23] The use of molecular precursors containing both the metal and chalcogenide, initially reported by Trindade and O'Brien, 24, 25 have proven to be an efficient route to high-quality crystalline, monodispersed, semiconducting nanoparticles. The use of the cadmium alkylthiourea complexes as precursors for the synthesis of CdS have been previously reported by our group. 26, 27 In the present study, we successfully synthesised zinc (II) complexes of N,N-diisopropylthiourea and N,N-dicyclohexylthiourea and report their single X-ray crystal structures. These complexes were then thermolysed in hexadecylamine (HDA) to give organically-capped ZnS nanoparticles.
Methods
Hexadecylamine and tri-n-octylphosphine (TOP) were purchased from Aldrich. Toluene and methanol were obtained from BDH. Toluene was stored over molecular sieves (40Å, BDH) before use. Zinc chloride, N,N'-diisopropylthiourea, N,N'-dicyclohexylthiourea and ethanol (analytical grade) were used, as purchased from Aldrich, to prepare the precursors.
Optical characterisation
A Perkin Elmer Lambda 20 UV-VIS spectrophotometer was used to perform the optical measurements; the samples were placed in silica cuvettes (1-cm path length), using toluene as a reference solvent. A Jobinyvon-spex-Fluorolog-3-Spectro fluorometer with a xenon lamp (150 W) and a 152 P photomultiplier tube as a detector were used to measure the photoluminescence of the particles. The samples were placed in quartz cuvettes (1-cm path length).
Electron microscopy
The transmission electron microscopy (TEM) and highresolution transmission electron microscopy (HRTEM) images were obtained using a Philips CM 200 compustage electron microscope operated at 200 kV with an energy dispersive spectroscopy analyser. The samples were prepared by placing a drop of a dilute solution of sample in toluene on a copper grid (400 mesh, agar). The samples were allowed to dry completely at room temperature.
X-ray crystallography
The X-ray data were collected at 100 K on a Bruker Smart Apex CCD diffractometer, using Mo Kα radiation, from crystals mounted in a Hamilton Cryoloop. Data were reduced by SAINTPLUS. The structures were solved by direct methods using SHELXS-9719 28 (I) or SIR200420 29 (II) and refined anisotropically (non-hydrogen atoms) by full-matrix least-squares on F2 using SHELXL-9721. 30 The H atoms were calculated geometrically and refined with a riding model.
The X-ray diffraction patterns on the powdered samples were measured on Phillips X'Pert materials research diffractometer using secondary graphite monochromated Cu Kα radiation (λ = 1.54060 Å) at 40 kV 50 mA -1 . Samples were supported on glass slides. Measurements were taken using a glancing angle of incidence detector at an angle of 2°, for 2θ values over 20-60°in steps of 0.05° with a scan speed of 0.01° s -1 .
Elemental analysis
Elemental analysis is the determination of the percentage weights of carbon (C), hydrogen (H), nitrogen (N) and heteroatoms (X) (halogens, sulphur (S)) of a sample. The elemental analysis was performed on a CARLO ERBA elemental analyser for C, H, N and S. The sample was burned in excess oxygen and the combustion products were analysed by inductively-coupled mass spectrometry.
Fourier transform infrared (FTIR) and nuclear magnetic resonance spectroscopy
Infrared spectra were recorded on a FTIR Perkin Elmer paragon 1 000 spectrophotometer using nujol mull. Nuclear magnetic resonance (NMR) spectra were recorded on a Varian Associates Inova spectrometer (400 MHz and 300 MHz). 
Synthesis of precursors

Preparation of ZnS nanoparticles
In a typical experiment, [ZnCl 2 (SC(NHC 6 H 11 ) 2 ] (precursor I) (1 g) was dissolved in TOP (10-15 ml). This solution was then injected into 6.25 g of hot HDA at a temperature of 180°C. A subsequent decrease in temperature of 20-30°C was observed. The solution was allowed to stabilise at 180°C and heated for a further 60 min. The solution was then allowed to cool to about 70°C, and methanol was added to remove the excess HDA. The as-synthesised flocculent precipitate was separated by centrifugation and redispersed in toluene. The solvent was then removed by evaporation under reduced pressure to give HDA-capped ZnS nanoparticles. The particles were washed three times with methanol and redispersed in toluene. This same procedure was followed using precursor II, ZnCl 2 (CS(NHC 3 H 7 ) 2 ) 2 to prepare HDA-capped ZnS nanoparticles.
Results and discussion
Single X-ray structures Both complexes were subjected to single crystal X-ray structural analysis, crystallised in methanol by slow evaporation at room temperature to give transparent cube-shaped crystals. They were stable in air and moisture with melting points of 192°C and 230°C, for complex II and I, respectively. The formulae of the resulting complexes were consistent with the molecular structures and other forms of analyses, such as microanalysis, infrared and NMR spectroscopy. Details of the crystal data and structure refinements are provided in Table 1 . ORTEP diagrams of complexes I and II with the non-hydrogen atomic labelling scheme are shown in Figs 1 and 2 , respectively. Selected bond lengths and angles are given in Tables 2 and 3 . The structures were deposited at the CCDC with deposition numbers of 642408 and 642407, for complexes I and II, respectively. Molecular description of complex I The structure of complex I, [ZnCl 2 ((CS(NHC 6 H 11 ) 2 ) 2 ] (Fig. 1) , is based on a discrete monomeric molecule with the coordination polyhedra around the Zn(II) ion a distorted tetrahedral. The two N,N'-dicyclohexylthiourea ligands were sulphur-bonded to the metal atom with the two chloride ligands facing opposite to the two organic ligands. In this four-coordinate structure, molecular units are arranged so that one of the chloride ions (Cl(1)) and the zinc atom lie on a crystallographic three-fold axis which relates to the two thiourea ligands and the second chlorine atom (Cl(1)1). The average bond distances for Zn-Cl bonds are 2.261 Å and the Zn-S bonds gave an average value of 2.318 Å, which is slightly shorter than for the corresponding zinc complex II ( Table 3 (1), are slightly bigger at 115.53°and 117.51°, respectively. This is expected for the cyclohexyl group and these angles deviate from the regular tetrahedral value of 109.47°, which could be explained by the steric interaction between the cyclohexyl groups. The structural analysis of this complex is in agreement with the spectroscopic data obtained for this compound.
Molecular description of complex II
The structure of complex II, [ZnCl 2 (CS(NHC 3 H 7 ) 2 ) 2 ] (Fig. 2) , is based on a discrete monomeric molecule with the coordination polyhedra around the Zn(II) ion being that of a distorted tetrahedral. The two N,N'-diisopropylthiourea ligands were sulphur-bonded to the metal atom with the two chloride ligands completing the geometry. In this four-coordinate structure, molecular units are arranged so that one of the chloride ions (Cl (1)) and the metal atom lie on a crystallographic three-fold axis which relates to the two thiourea ligands and the second chlorine atom (Cl(1)1) . The average bond distances for Zn-Cl bonds are 2.266 Å and 2.340 Å for Zn-S bonds. The S-C bond (12) (1), are 111.33°a nd 112.68°. These angles deviate from the regular tetrahedral value of 109.47°, which could be explained by the steric interaction between the isopropyl groups.
Synthesis of ZnS nanoparticles
Zinc sulphide (ZnS), a II-VI group semiconductor material, has been extensively investigated due to its immense potential for various device applications.
The band gap of ZnS can be tuned from the ultraviolet to visible region by employing appropriate dopants. It has wide band gaps of 3.5-3.7 eV and 3.7-3.8 eV for zinc blende and wurtzite ZnS, respectively, and can crystallise in two allotropic forms-a cubic form (c-ZnS) with sphalerite structure and a hexagonal form (h-ZnS) with wurtzite structure.
In this study, zinc sulphide nanoparticles were prepared using substituted alkylthiourea complexes, [ZnCl 2 (CS(NHC 6 
Optical properties of ZnS nanoparticles
The increasing success of the use of alkylthiourea cadmium complexes as single source precursors has led to the investigation of the zinc analogue to prepare ZnS nanoparticles. 27 The band edges for ZnS samples prepared from various methods were blue-shifted in relation to the bulk material (340 nm, 3.64 eV). This is associated with the ZnS nanoparticles being smaller than the bulk exciton of ZnS. There is generally an increase in particle size of nanoparticles with time, which is consistent with an Ostwald ripening process. After an injection of the precursor there is a critical size dependent on the concentration of the precursor. After the depletion of the precursor, the size distribution broadens because the smaller, less stable particles collapse, forming larger particles.
It has recently been reported that nanocrystallites of zinc sulphide doped with manganese have one of the highest photoluminescence efficiencies; 2-5 however, various factors have an influence on the optical properties of nanoparticles, such as the nature of the passivating ligand, temperature and concentration. Therefore, a detailed and thorough understanding of the influence of these factors should be undertaken. The optical properties of the ZnS nanoparticles synthesised from [ZnCl 2 (CS(NHC 6 H 11 ) 2 ) 2 ] are shown in Fig. 3 . The particles exhibited a band-edge at 278 nm (4.46 eV), a blue shift compared to 340 nm of bulk ZnS.
The absorption spectrum showed no visible excitonic features; such bands are prominent in the absorption spectra of CdSe, CdS and ZnSe.
The photoluminescence spectrum showed a broad emission curve with the emission maximum at 318 nm, a red shift in relation to the optical absorption band edge. The position of the band edge of the ZnS nanoparticles prepared from [ZnCl 2 (CS(NHC 3 H 7 ) 2 ) 2 ] (Fig. 4) , is slightly different from that of ZnS from the cyclohexyl complex. The absorption band appears at a slightly higher wavelength (303 nm). The emission spectrum appears narrower with the maximum at 306 nm, a slight red shift in comparison for the band edge. The reduced broadness of the emission peak is probably due to a narrow size distribution.
Structural properties of ZnS nanoparticles
The XRD patterns for the ZnS nanoparticles synthesised from [ZnCl 2 (CS(NHC 6 Research Articles inance of wurtzite ZnS nanoparticles is possibly due to the high reaction temperature (180°C). Figures 6 and 7 show the TEM and HRTEM images of the particles synthesised from both precursors. The particles from both samples had a slightly elongated shape with many spherical particles also visible. There was a certain degree of agglomeration and the size of the particles could be approximated to 3-5 nm in diameter. The crystallinity of the nanoparticles was confirmed by the HRTEM images which showed distinct lattice fringes.
Conclusions
The single crystal structures of zinc dicyclohexylthiourea and diisopropylthiourea were obtained. The as-synthesised ZnS nanoparticles resulted in a mixture of elongated and spherical particles of sizes between 3 nm and 5 nm.
